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Plante, A. F., Stewart, C. E., Conant, R. T., Paustian, K. and Six, J. 2006. Soil management effects on organic carbon in iso-
lated fractions of a Gray Luvisol. Can. J. Soil Sci. 86: 141–151. Agricultural management affects soil organic matter, which is
important for sustainable crop production and as a greenhouse gas sink. Our objective was to determine how tillage, residue man-
agement and N fertilization affect organic C in unprotected, and physically, chemically and biochemically protected soil C pools.
Samples from Breton, Alberta were fractionated and analysed for organic C content. As in previous reports, N fertilization had a
positive effect, tillage had a minimal effect, and straw management had no effect on whole-soil organic C. Tillage and straw man-
agement did not alter organic C concentrations in the isolated C pools, while N fertilization increased C concentrations in all pools.
Compared with a woodlot soil, the cultivated plots had lower total organic C, and the C was redistributed among isolated pools.
The free light fraction and coarse particulate organic matter responded positively to C inputs, suggesting that much of the accu-
mulated organic C occurred in an unprotected pool. The easily dispersed silt-sized fraction was the mineral-associated pool most
responsive to changes in C inputs, whereas the microaggregate-derived silt-sized fraction best preserved C upon cultivation. These
findings suggest that the silt-sized fraction is important for the long-term stabilization of organic matter through both physical
occlusion in microaggregates and chemical protection by mineral association.
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Plante, A. F., Stewart, C. E., Conant, R. T., Paustian, K. et Six, J. 2006. Incidence de la gestion du sol sur la concentration de car-
bone organique dans les fractions isolées d’un luvisol gris. Can. J. Soil Sci. 86: 141–151. Les pratiques agricoles affectent la concen-
tration de matière organique dans le sol. Or celle-ci est importante pour les productions végétales et comme puits pour les gaz à effet de
serre. L’objectif était d’établir comment le travail du sol, la gestion des déchets de culture et l’application d’engrais N affectent le C
organique dans les bassins de carbone non protégés et physiquement, chimiquement ou biochimiquement protégés du sol. Les auteurs
ont fractionné et analysé des échantillons de sol venant de Breton (Alberta) pour déterminer leur concentration de C organique. Comme
on l’a déjà lu ailleurs, la fertilisation avec des engrais N a une incidence positive sur la teneur en C organique du sol entier, compara-
tivement à une incidence minime pour le travail du sol et à l’absence d’incidence pour la gestion de la paille. Le travail du sol et la ges-
tion de la paille ne modifient pas la concentration de C organique dans les bassins de C isolés, mais l’application d’engrais N augmente
la concentration de C partout. Comparativement au sol d’un boisé, le sol des parcelles cultivées se caractérise par une plus faible con-
centration de C organique, qui est redistribué entre les bassins isolés. La fraction légère libre et les particules grossières de matière
organique réagissent positivement aux apports de C, signe qu’une bonne partie du C organique s’accumule dans un bassin non protégé.
La fraction aisément dispersée de la granulométrie du limon est le bassin associé aux minéraux qui réagit le mieux à la variation des
apports de C, alors que la fraction issue des micro-agrégats de la granulométrie du limon est celle qui conserve le mieux le C après cul-
ture. Ces constatations donnent à penser que la fraction de la granulométrie du limon joue un rôle important dans la stabilisation à long
terme de la matière organique, tant par l’occlusion physique des micro-agrégats que par la protection chimique conférée à la suite de l’as-
sociation à des minéraux.
Mots clés: C organique du sol, gestion des résidus, fertilisation N, limon, argile
Soil organic matter is an important component of agroecosys-
tems, not only as an important source-sink for greenhouse
gases, but also for the long-term sustainability of soil fertility
and crop production. Agricultural management practices have
been shown to affect the soil organic C balance significantly.
Several long-term experiments across North America (see Paul
et al. 1997a) have demonstrated the influence of soil tillage,
residue management, nitrogen fertilization and their interac-
tions on soil C stocks. In general, management practices that
minimize tillage, increase crop residue inputs directly, or indi-
rectly increase inputs through fertilization, increase soil organ-
ic C stocks. In an analysis of 80 global sites, Ogle et al. (2003)
calculated a factor of 1.13 ± 0.03 for increases in organic C
stocks in the upper 30 cm after 20 yr of no-till management.
Conversion from conventional tillage to no-tillage has been
estimated to sequester C at rates varying from 22 g m–2 yr–1
(Paustian et al. 1997) to 48 g m–2 yr–1 (West and Post 2002).
Reviewing 62 Canadian studies, VandenBygaart et al. (2003)
showed a minimal effect of tillage treatments on SOC storage
in eastern Canada (–7 ± 27 g m–2 yr–1), but a much more sig-
nificant effect in western Canada (32 ± 15 g m–2 yr–1).
Increasing crop residues returned to the soil also increas-
es C sequestration. Jacinthe et al. (2002) found that applying
141
Abbreviations: µagg-clay, microaggregate-derived clay-
sized fractions; µagg-silt, microaggregate-derived silt-sized
fractions; CPOM, coarse POM fraction; d-clay, easily dis-
persed clay-sized fraction; d-silt, easily dispersed silt-sized
fraction; iPOM, intra-microaggregate POM fraction; LF,
light fraction; POM, particulate organic matter; SPT, sodi-
um polytungstate
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8 Mg ha–1 of straw to the soil increased SOC stocks by 30%
in 4 yr compared with bare treatments. Lal (1999) estimated
the total potential C sequestration of residues at 22.5 Tg C
yr–1 in the United States. However, Vandenbygaart et al.
(2003) estimated only small gains occur as a result of straw
return to the soil (12 ± 9 g C m–2 yr–1) due to the large pro-
portion of root input as well as insufficient N to process the
straw effectively.
Since most agricultural soils are N limited, fertilization
has been shown to increase SOC accumulation. Nitrogen
fertilization enhances carbon sequestration by 7% (West and
Post 2002). Data from long-term experimental sites in
Canada suggest C sequestration rates as high as 50–75 g C
m–2 yr–1 for fertilized rotations (Dumanski et al. 1998), but
more generally 23 ± 13 g C m–2 yr–1 regardless of C inputs
(VandenBygaart et al., 2003). Halvorson et al. (1999)
reported increases in SOC of 13–18 g C m–2 yr–1 due to N
fertilizer. Lal (1999) estimated that at an assumed rate of
100 kg N ha–1 yr–1, US cropland could sequester a total of
11.8 Tg C yr–1 with fertility management.
Several studies conducted on various long-term plots at
the research station in Breton, Alberta have reported the
influence of cropping rotations, tillage and fertilization on N
(Wani et al. 1991) and P dynamics (McKenzie et al. 1992).
Izaurralde et al. (2001) reported how crop rotation and fer-
tilization affected the C balance in soils of the Breton
Classical Plots. Using a three-pool model fit to the measured
data, they suggested a loss of C from the active compart-
ments and gain of C by the passive compartments in a
wheat-fallow rotation without manure additions. They also
estimated that a fourfold increase in net above-ground C
productivity would be necessary to maintain the original soil
organic C levels in the wheat-fallow rotation. These results,
however, include information only about the whole-soil C.
McGill et al. (1986) and Paul et al. (2004) have reported on
the dynamics of labile organic C fractions with short
turnover times, such as microbial biomass and particulate
organic matter (POM). Paul et al. (2004) found that differ-
ences in POM C between native soil and the treatments of
the Classical Plots were related to total soil C, and that the
cultivated soils had larger differences in active C (as deter-
mine by measuring CO2 during incubation) than in total soil
C. No studies, however, have reported on the losses or gains
of organic C from potential diagnostic physical or chemical
fractions in a Gray Luvisol, which may represent functional
pools for long-term stabilization of organic C.
The objectives of the current study were to determine the
effect of tillage, residue management and N fertilization on
the distribution of soil organic C in unprotected, and physi-
cally, chemically and biochemically protected functional C
pools. We hypothesized that reduced tillage, straw addition
and N fertilization treatments will increase organic C stor-
age in both the whole soil and within isolated soil fractions.
Stocks of unprotected C pools (e.g., coarse particulate
organic matter and free light fraction) will depend on C
inputs and will therefore increase with treatments of increas-
ing C inputs. We hypothesized that silt- and clay-sized frac-
tions isolated from within microaggregates will contain
more organic C than easily dispersed silt- and clay-sized
fractions due to physical protection. We also hypothesized
that clay-sized fractions will contain more organic C than
silt-sized fractions due to greater chemical protection
afforded by the greater surface area of clay particles. As a
result, greater concentrations of biochemically protected
organic C are expected in the non-hydrolysable clay-sized
fraction compared with silt-sized fractions.
MATERIALS AND METHODS
Site Description
Surface soil samples were collected from the zero-tillage
plots adjacent to the Breton Classical Plots, near Breton
Alberta (53°07′N, 114°28′W). Mean annual temperature at
the site is 2.1°C and mean annual precipitation is 547 mm.
The soil at the site has been classified as an Orthic Gray
Luvisol (Typic Cryoboralf in the US Soil Taxonomy). The
zero-tillage plots were established in 1979 to study fertiliz-
er N, straw residue management and tillage method interac-
tions on crop productivity and on soil properties (Nyborg et
al. 1995). Continuous barley (Hordeum vulgare L.) was
grown from the establishment of the plots until 1999, fol-
lowed by a switch to a 4-yr barley-canola-wheat-pea rota-
tion. The plots are 2.8 m by 6.9 m each, and arranged as a
randomized block design with 10 treatments replicated four
times. Six of the ten treatments were sampled for the current
study; the remaining treatments were considered intermedi-
ate in terms of C storage potential. The treatments consisted
of combinations of tillage (conventional tillage versus no
tillage), straw residue management (removed after harvest
versus left on after harvest) and mineral N fertilization (no
fertilizer versus 112 kg urea-N ha–1) (Table 1). For compar-
ison, three pseudo-replicate samples were also taken from a
woodlot adjacent to the plots, which has never been culti-
vated.
Sampling and Pre-treatment
Soil samples were collected in May of 2003 using a truck
equipped with a Giddings 4.5 cm diameter soil probe before
seeding canola. Samples were taken from the soil surface
and separated into 0–5 and 5–20 cm sections. Four cores
were taken from each sampled plot. Samples were packed
into coolers and returned to the laboratory in Fort Collins,
Colorado for pre-treatment and analysis. Bulk density and
field moisture content analyses were performed on each
core, and the four cores from each plot were then composit-
ed in the laboratory. Composite samples were broken apart
gently by hand to pass an 8-mm sieve in a manner to avoid
compression or deformation of aggregates, air dried at 60°C,
then sieved to pass a 2-mm sieve. Organic materials > 8 mm
were minimal, but were removed from the samples. The
remaining organic debris was ground along with the soil to
pass the 2-mm sieve.
Soil texture was determined using a modified version of
the standard hydrometer method without removal of car-
bonates or organic matter (Gee and Bauder 1986) on a ran-
dom subset of samples across the experimental plots,
representing about half of the total samples. Hydrometer
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readings taken at 1.5 and 24 h, and appropriate interpolation
calculations were used to determine clay content. Coarse
and fine sand contents were determined after the sedimenta-
tion was completed by pouring and washing the suspension
over 250-µm and 53-µm sieves. Soil silt contents were
determined by difference.
Physical and Chemical Fractionations
Microaggregate Isolation
Microaggregates were isolated from whole-soil mechanical-
ly using the partial dispersion method developed by Six et
al. (2000, 2002). Essentially, 50 g of air-dried whole soil
was slaked in deionised water for 30 min, then poured onto
a 250-µm mesh screen inside a cylinder and reciprocally
shaken (120 rev min–1) with 50 glass beads (diam. 6 mm)
until the complete disruption of all macroaggregates. The
fraction retained on the 250-µm mesh consisted of coarse
POM and 250–2000 µm sand, and comprised the coarse
POM fraction (CPOM, > 250 µm). Materials passing the
250-µm sieve were immediately flushed by a continuous
water flow out of the shaker and onto a 53-µm sieve. The
materials retained on the 53-µm sieve were wet sieved for 2
min at approximately 25 cycles per minute, and then finer
materials were gently washed off to isolate the microaggre-
gate fraction (53–250 µm). The suspension passing the 53-
µm sieve was centrifuged to isolate the easily dispersed
silt-sized fraction (d-silt, 2–53 µm). The supernatant was
then flocculated using 0.25 M MgCl2 and CaCl2 and cen-
trifuged to isolate the easily dispersed clay-sized fraction (d-
clay, < 2 µm). Fraction suspensions were oven-dried at 60°C
and weighed. Mass balances were used to determine the
efficiency of the fractionation procedure.
Particulate Organic Matter Isolation
Microaggregate samples isolated in the previous procedure
were subjected to a density separation procedure to isolate
free and intra-aggregate POM. Thirty millilitres of 1.85 g
cm–3 sodium polytungstate (SPT) were added to 5–6 g of
microaggregate sample in 50-mL centrifuge tubes. The
tubes were gently shaken by hand and allowed to stand for
10 min under vacuum to remove entrapped air. The tubes
were then centrifuged at 2500 rpm for 60 min. Free light
fraction POM (LF, 53–250 µm) was separated from the soil
by aspirating the supernatant. The resulting soil pellet was
washed and centrifuged three times to remove excess SPT,
then shaken overnight with 12 glass beads (diam. 4 mm) and
de-ionized water to disperse the microaggregates. After
shaking, the suspension was poured over a 53-µm sieve and
washed thoroughly to isolate the intra-microaggregate POM
fraction (iPOM, 53–250 µm). The suspension that passed
the 53-µm sieve was centrifuged as described above to iso-
late the microaggregate-derived silt- and clay-sized frac-
tions (µagg-silt and µagg-clay). All fractions were oven
dried at 60°C and weighed. As above, mass balances of the
microaggregate fractionation and POM isolation were used
to determine their efficiency.
Acid Hydrolysis
Whole-soil samples, as well as the easily dispersed and aggre-
gate-derived silt- and clay-sized fractions were subjected to
acid hydrolysis to isolate a resistant pool of organic C using
the method described in Paul et al. (1997b). Briefly, 0.5 g of
sample was refluxed at 95°C for 16 h in 25 mL of 6 M HCl.
When insufficient material was recovered during previous
fractionation steps, less material (down to 0.3 g) was used or
individual replicates were combined. After refluxing, the sus-
pension was filtered and washed with deionised water over a
glass fibre filter. The residue was then washed from the filter
into a specimen cup, oven-dried at 60°C, and weighed.
Carbon and Nitrogen Analyses
Total C and N of the whole soil and each isolated fraction
were analyzed using a CHN autoanalyzer (LECO CHN-
1000, Leco Corp., St. Joseph, MI). Results of acid additions
for the presence of soil carbonates indicated that carbonates
were not present, and thus total C concentrations were
equated to organic C concentrations.
Organic C Input Calculations
Organic C inputs for the 0–20 cm depth increment of soil in
the experimental plots were estimated using annual straw
production data averaged over the period 1992–2003 for
plots receiving residue additions, as well as root-derived C
inputs for all plots. Root inputs were estimated using grain
and straw yield data from the plots, along with the follow-
ing assumptions: 70% of the plant root biomass being pre-
sent in the 0–20 cm depth increment, an average
root-to-shoot ratio of 0.23, and a multiplier of 1.24 to esti-
mate non-harvestable root derived C from exudation,
sloughing, root senescence and decay prior to harvest.
Table 1. Experimental treatments sampled from long-term zero-till plots at Breton, Alberta, and estimated average annual organic C inputs to the
0–20 cm depth increment. Inputs to straw amended treatments include root + straw, while treatments without straw additions include only root-
derived inputs
Organic C inputs
Treatment code Tillage Straw residue N fertilization (Mg C ha–1 yr–1)
F Native forest
NT-S-N No-till Returned 112 kg ha–1 1.78 ± 0.63
T-S-N Conventional Returned 112 kg ha–1 1.83 ± 0.63
NT-S-NN No-till Returned 0 kg ha–1 0.70 ± 0.59
T-S-NN Conventional Returned 0 kg ha–1 0.70 ± 0.53
NT-NS-NN No-till Removed 0 kg ha–1 0.17 ± 0.19
T-NS-NN Conventional Removed 0 kg ha–1 0.18 ± 0.63
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Statistical Analyses
All results are reported as mean ± standard deviation, unless
otherwise noted. The field experiment was designed as a
randomized block design. Analyses of variance were per-
formed using the PROC MIXED procedure of SAS (SAS
Institute, Cary, NC) with replicates as a random variable.
Samples from the forest treatment were not included in sta-
tistical analyses, and are included only for comparison. Data
from the 0–5 cm and 5–20 cm depths were analyzed sepa-
rately when assessing the effect of the various management
treatments. Samples from different treatments and depths
were pooled together when comparing C concentrations
between fractions. Separation of means was performed
using protected least significant difference tests, and P val-
ues for tests of equality are reported in the text.
Relationships between soil organic C inputs and soil organ-
ic C content were determined using linear regression of indi-
vidual replicate samples against the mean inputs as the
independent variable.
RESULTS
Bulk densities did not differ significantly among the man-
agement treatments, but was lower for the native forest
(Table 2). Soil textural class was loam to clay loam and did
not differ among the management treatments, with 31.9 ±
0.8% total sand (>53 µm), 42.6 ± 0.8% silt (2–53 µm) and
25.5 ± 1.1% clay (< 2 µm) in the 0–5 cm depth across all
treatments. Clay contents were slightly higher (P = 0.008) in
the 5–20 cm samples than in the 0–5 cm samples across all
treatments, reflecting the Luvisolic nature of these soils.
Mean particle size distribution across all treatments in the
5–20 cm depth was 31.0 ± 0.8% total sand, 37.6 ± 0.7% silt
and 31.4 ± 1.1% clay.
Whole-soil organic C content was significantly higher in
the forest than in the cultivated treatments (Table 2). Within
the cultivated treatments, N fertilization increased organic C
(P < 0.001), tillage had only a marginally significant effect
(P = 0.055) and straw management (P = 0.11) had no statis-
tically significant effect on whole-soil organic C.
Interactions between the main effects were not statistically
significant. 
Estimates of organic C inputs in the cultivated treatments
were strongly differentiated by N fertilizer and straw man-
agement treatments, and only weakly by tillage treatments
(Table 1). Overall, the correlation between estimated C
inputs and soil organic C stocks (Fig. 1) was statistically sig-
nificant (P = 0.048), but accounted for only a small propor-
tion of the variability (r2 = 0.17). When separated out by
tillage treatment, neither the no-till (P = 0.24), nor the con-
ventional-till (P = 0.13) correlations were statistically sig-
nificant.
Mass recovery during microaggregate isolations was 98.1
± 1.4%, while mass recovery during LF/POM analysis was
102.4 ± 2.1%. The mass recovery slightly above 100% dur-
ing the latter step is likely due to incomplete washing of SPT
from the fractions after the density fractionation. Masses of
fractions isolated from the 0–5 cm samples were similar for
all treatments with the exception of higher CPOM and LF,
and lower µagg-clay and d-silt, in the native forest samples
(Fig. 2). Masses of fractions isolated from the 5–20 cm sam-
ples were similar to the 0–5 cm samples (results not shown),
but with significantly lower amounts of CPOM and LF
recovered from the forest samples and slightly higher
amounts of µagg-clay across the cultivated treatments due to
the finer texture at depth.
Overall, organic C recoveries in the sum of the isolated frac-
tions were 85.8 ± 11.3%, indicating that some soluble organic
matter was potentially lost during the physical and density
fractionations. Organic C recoveries were the lowest in the for-
est samples (75.4 ± 4.7%), suggesting that these samples con-
tained the highest amount of soluble and dissolved organic
matter. Organic C contents of the isolated fractions were dom-
inated by the easily dispersed silt fraction, except in the forest
samples, which were dominated by CPOM and LF (Fig. 3).
These organic C contents reflect the large mass recovery of the
easily dispersed silt fraction. In addition to decreases in the
contents of CPOM and LF fraction C in forest versus cultivat-
ed samples, the organic C concentrations in the silt- and clay-
sized fractions were also lower in the cultivated samples
compared to the forest (Fig. 4).
Across the cultivated treatments, organic C concentrations
were significantly lower in the silt-sized fraction compared to
the clay-sized fractions (P < 0.001 for each depth), and with-
in each size fraction organic C concentrations were similar for
the microaggregate-derived versus easily dispersed fractions.
Similar to the results from whole-soil samples, tillage and
straw management did not alter the organic C concentration
in the isolated fractions. Only the microaggregate-derived
clay fraction showed a slight increase in no-till versus con-
ventional tillage, but the difference was only marginally sig-
nificant (P = 0.071). Nitrogen fertilization, however,
significantly increased C concentrations in all fractions (P <
0.001 for each fraction, except P = 0.027 for µagg-clay).
Organic C contents of individual fractions isolated from
0–5 cm depth increment samples were strongly correlated to
estimated annual organic C inputs to the soil (Table 3). All
relationships were statistically significant and explained 16
to 64% of the variability. As organic C inputs to the whole-
soil increased, the greatest C stabilization appears to have
been in the d-silt and LF fractions, while the µagg-silt frac-
tion appears to have lost organic C based on its negative
slope.
The proportion of non-hydrolysable organic C in whole-
soil samples was lower (P < 0.001) at depth than at the sur-
face across all treatments (61.0 ± 0.7% in the 0–5 cm samples
versus 50.7 ± 1.4% in the 5–20 cm samples) (Table 4).
Percent non-hydrolysable C did not differ between forest and
cultivated treatments at either depth (P = 0.49 for 0–5 cm
samples and P = 0.29 for 5–20 cm samples), and was more
consistent within cultivated treatments in the 0–5 cm samples
(P = 0.45) compared with the samples from 5–20 cm (P =
0.028), suggesting that tillage, straw management and N fer-
tilization treatments had little influence on the biochemical
protection of organic matter in whole-soil samples. The pro-
portions of non-hydrolysable C in the silt- and clay-sized frac-
tions were also unchanged across treatments. However,
percent non-hydrolysable C was significantly higher (P <
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0.001) in the silt-sized fractions versus the clay-sized frac-
tions. Within size fractions, percent non-hydrolysable C was
higher (P = 0.003) in microaggregate-derived versus easily
dispersed silts, while percent non-hydrolysable C in the clays
was lower (P < 0.001) in microaggregate-derived versus eas-
ily-dispersed fractions.
DISCUSSION
Nyborg et al. (1995) reported that the organic C concentration
in the top 15 cm of the soil in the zero-tillage plots at Breton
was 13.7 g kg–1 soil at the onset of the experiment in 1979. In
1990, after 11 yr of established treatments, they reported con-
centrations ranging from 13.5 to 18.2 g kg–1 soil. After an addi-
tional 13 yr, organic C concentrations appear to have decreased
in all treatments except NT-S-N and T-S-N, which were the
same or slightly higher (Table 2). In our study, the fertilized
treatments were sampled from plots that received 112 kg urea-
N ha–1 yr–1, while Nyborg et al. sampled from the treatments
receiving 56 kg urea-N ha–1 yr–1. The observed decreases in C
concentrations are not likely statistically significant.
Differences in soil C stocks (Mg C ha–1) between the treat-
ments in 1990 and 2003 appear significant (Fig. 1) but may be
attributable to sampling differences such as measured differ-
ences in soil bulk density due to timing of sampling. In addi-
tion, Nyborg et al. sampled only to 15 cm. We normalized their
data to 20 cm by using the same organic C concentration in the
15–20 cm layer as in the 10–15 cm layer. The relationships
between organic C inputs and organic matter stocks for the
1990 and 2003 data showed no statistically significant differ-
ences in slopes (P = 0.42, Fig. 1), and relative differences
between treatments remained consistent (Table 5).
Whole-soil treatment differences were consistent with
those reported by Nyborg et al. (1995) and Solberg et al.
(1997), who reported significant increases in soil C due to N
fertilization and only minor effects due to straw management
and tillage. Averaged over other treatments, the organic C
storage rate in no-till versus conventional-till treatments for
the 24-yr history of the experiment was 9.7 ± 41.6 g C m–2
Table 2. Bulk density, whole-soil organic C stocks, and whole-soil organic C and total N concentrations (mean ± standard deviation)
Bulk density Organic C stocks Organic C concentration Total N concentration
(Mg m–3) (Mg ha–1) (g kg–1) (g kg–1)
Treatment z 0–5 cm 5–20 cm (0–20 cm) 0–5 cm 5–20 cm 0–5 cm 5–20 cm
F 0.57 ± 0.12 1.12 ± 0.08 46.2 ± 3.9 69.2 ± 2.3 15.6 ± 1.2 4.4 ± 0.3 1.3 ± 0.2
NT-S-N 1.23 ± 0.12 1.41 ± 0.08 38.7 ± 7.8 21.4 ± 2.4 12.1 ± 3.8 2.1 ± 0.2 1.2 ± 0.3
T-S-N 1.21 ± 0.13 1.42 ± 0.05 36.8 ± 8.8 19.0 ± 1.8 11.9 ± 4.2 1.8 ± 0.2 1.3 ± 0.3
NT-S-NN 1.33 ± 0.19 1.43 ± 0.03 28.3 ± 3.6 15.2 ± 2.9 8.5 ± 1.5 1.4 ± 0.2 1.0 ± 0.2
T-S-NN 1.34 ± 0.18 1.44 ± 0.05 27.3 ± 2.1 14.5 ± 2.3 8.2 ± 0.9 1.4 ± 0.2 0.9 ± 0.2
NT-NS-NN 1.40 ± 0.16 1.43 ± 0.03 34.2 ± 5.5 14.0 ± 1.3 11.4 ± 2.6 1.5 ± 0.1 1.3 ± 0.3
T-NS-NN 1.31 ± 0.13 1.44 ± 0.05 30.1 ± 6.6 13.1 ± 0.3 10.0 ± 3.0 1.2 ± 0.1 1.3 ± 0.4
zTreatment legend same as in Table 1.
Fig. 1. Relationship between estimated organic C input and soil organic C stocks in the cultivated treatments in 1990 and 2003. Open sym-
bols represent conventional-till treatments and closed symbols represent no-till treatments.
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yr–1, similar to that calculated by VandenBygaart et al. (2003)
of 5 ± 16 g C m–2 yr–1 for conversion to no-till from conven-
tional-till across various crop rotations. Straw addition
increased C storage at a rate of 2.7 ± 40.0 g C m–2 yr–1, lower
than the average of 12 ± 9 g C m–2 yr–1 reported by
VandenBygaart et al. (2003) and likely due to overall low
crop yields and therefore to low straw residue inputs.
Increases in organic C storage normalized to the rates of
N fertilization reported in several studies conducted on Gray
Luvisols range from 6.8 to 16.2 kg C kg–1 N (Nyborg et al.
1995; Solberg et al. 1997). Our estimate of organic C stor-
age rate increase in response to 24 yr of N fertilizer was 2.9
± 3.5 kg C kg–1 N. This value is lower than that reported on
the same plots by Nyborg et al. (1995), suggesting that
much of the increase in response to N fertilizer occurred
during the first 11 yr of the experiment.
The slope of the relationship between organic C input to
the soil and the organic C content for each isolated fraction
is indicative of the influence of C input to that fraction, and
consequently of the importance of that fraction to whole-soil
C storage. As with any regression, it does not imply a
causative relation. In addition, this approach can only cap-
ture net differences and cannot account for potential redis-
tributions of C between fractions. We found that the free
light fraction POM (LF) had the greatest slope of any frac-
tion (Table 3), and consequently the greatest increase in soil
C in response to C inputs. Therefore, it appears that a large
proportion of the accumulated organic C has occurred in a
largely unprotected fraction composed of partially decom-
posed plant-derived C, located on the outside of microag-
gregates but potentially protected within macroaggregates
disrupted during the isolation procedure. Carbon sequestra-
tion in this fraction is therefore not considered long-term
and is vulnerable to further management changes.
Results of the tests of our stated hypotheses were mixed.
We found that clay-sized fractions had higher organic C con-
centrations as expected, but there were no observed differ-
ences between organic C concentrations based on the source
(easily dispersed or microaggregate-derived) of either silt- or
clay-sized fractions. Also counter to our expectations, percent
non-hydrolysable C was higher in silt-sized fraction than
clay-sized fractions. Results from the silt-sized fractions are
of particular interest because they yielded the highest (0.094,
easily dispersed) and lowest (–0.012, microaggregate-
derived) responses of mineral-associated C fractions to organ-
ic C inputs (Table 3). The organic matter associated with
these fractions is protected by a combination of chemical and
physical mechanisms. Higher resistance to acid hydrolysis in
the silt-sized fractions (Table 4) also suggests that biochemi-
cal protection mechanisms may also be acting within these
fractions. In spite of the presence of several interacting pro-
tection mechanisms, the silt-sized fractions appear to have
been the most responsive to changes in organic C inputs.
The additional samples taken from the adjacent woodlot
permitted the comparison of organic C levels in the culti-
vated plots with soils presumed to contain native levels of
CPOM LF iPOM agg-silt agg-clay d-silt d-clay
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soil organic matter. Organic C preservation factors
(Ctreatment for each replicate/mean Cforest) were determined
for whole-soil samples and the isolated fractions (Table 6).
Preservation factor values for whole-soil samples indicate
that relative organic matter losses, represented by values <
1, were much greater in the 0–5 cm layer (mean across treat-
ments = 0.234) than in the 5–20 cm layer (mean = 0.662).
Relative organic C losses in isolated fractions were greatest
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for the CPOM fraction in both the 0–5 cm and 5–20 cm
depth increments, while mineral associated organic C losses
were less severe. In fact, several fractions in many treat-
ments showed relative increases in organic C (preservation
factor values > 1), particularly in the 5–20 cm layer.
Preservation factors > 1 for the LF and iPOM fractions at
depth (5–20 cm) are likely attributable to the burial of forest
litter during initial ground-breaking tillage as well as
increased fine root inputs of the annual crops compared to
trees. Preservation factor values for the silt- and clay-sized
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fractions show some interesting trends, though attributing
the values to losses since the initiation of cultivation, redis-
tribution or recent gains due to the initiation of conservation
practices is not possible. Indeed, the actual values of the fac-
tors is perhaps less important than the trends they illustrate.
Preservation factors were generally higher for the silt-sized
fractions compared with the clay-sized fractions, though the
difference was statistically significant only in the 5–20 cm
depth increment (P = 0.42 for 0–5 cm and P < 0.001 for 5–20
cm). More specifically, the easily dispersed silt-sized fraction
retained the most C in the 0–5 cm depth, while in the 5–20 cm
depth the microaggregate derived silt-sized fraction had the
highest preservation factor values. These values suggest that
the silt-sized fraction is an important physical location for the
preservation or accumulation of stabilized organic matter. It
should be noted, however, that the dispersion methods used did
not result in a silt fraction consisting entirely of primary parti-
cles. The silt-sized fractions likely consist of agglomerated clay
microaggregates. The high preservation factor values for the
microaggregate-derived silt at depth (generally > 2) suggest
that as the original forest C is redistributed and mineralized, the
combined mechanisms of physical occlusion in microaggre-
gates along with chemical protection by mineral association are
important mechanisms for C stabilization.
CONCLUSION
Forest clearing followed by long-term cultivation has sig-
nificantly reduced total soil organic C in the soils at Breton,
as well as redistributed the remaining C among fractions.
After decades of conventional agricultural management
practices, the establishment of conservation practices result-
ed in mixed results. Reduced tillage and the return of straw
Table 3. Regression parameters (estimate ± standard error) of relationships between estimated organic C inputs into the 0–20 cm depth increment
(independent variable, x, Mg C ha–1 yr–1) and soil organic C concentration of individual fractions (dependent variable, y, g C kg–1 soil) from culti-
vated treatments (n = 24)
Fraction Slope Intercept P r2
Coarse POM
(CPOM, >250 µm) 0.88 ± 0.14 1.19 ± 0.16 < 0.001 0.64
Free light fraction
(LF, 53–250 µm) 1.07 ± 0.28 1.63 ± 0.32 0.001 0.39
Intra-microaggregate POM
(iPOM, 53–250 µm) 0.17 ± 0.08 1.14 ± 0.09 0.048 0.17
Microaggregate-derived silt
(µagg-silt) –0.12 ± 0.03 0.69 ± 0.03 < 0.001 0.48
Microaggregate-derived clay
(µagg-clay) 0.31 ± 0.05 0.40 ± 0.06 < 0.001 0.63
Easily dispersed silt
(d-silt) 0.94 ± 0.20 5.14 ± 0.22 < 0.001 0.51
Easily dispersed clay
(d-clay) 0.43 ± 0.08 0.95 ± 0.09 < 0.001 0.56
Table 4. Proportion of non-hydrolyzable C (%, mean ± standard deviation) for whole-soil and isolated fractions
Fraction
Depth Treatmentz Whole soil d-silt d-clay µagg-silt µagg-clay
0–5 cm F 59.5 ± 2.3 62.6 ± 3.6 58.9 ± 3.1 67.4 ± 3.8 51.8 ± 1.8
NT-S-N 59.5 ± 7.2 63.7 ± 2.9 54.9 ± 1.1 68.5 ± 4.4 47.5 ± 4.1
T-S-N 61.1 ± 2.3 63.9 ± 2.1 56.7 ± 1.5 66.0 ± 1.6 42.3 ± 2.7
NT-S-NN 60.0 ± 2.5 68.6 ± 3.8 54.8 ± 2.2 75.1 ± 3.1 46.7 ± 1.7
T-S-NN 64.2 ± 3.1 62.9 ± 2.3 55.1 ± 1.7 69.5 ± 5.3 45.9 ± 1.8
NT-NS-NN 60.3 ± 1.9 63.2 ± 4.4 58.7 ± 4.3 69.9 ± 1.9 46.2 ± 1.6
T-NS-NN 62.1 ± 2.2 65.9 ± 5.4 56.8 ± 3.7 71.5 ± 2.3 49.7 ± 4.1
5–20 cm F 54.4 ± 5.0 50.6 ± 2.4 46.1 ± 0.3 56.2 ± 1.9 34.2 ± 0.8
NT-S-N 58.0 ± 9.0 63.2 ± 5.9 54.2 ± 5.6 66.6 ± 3.3 43.2 ± 2.0
T-S-N 48.3 ± 4.7 66.3 ± 2.9 59.8 ± 3.4 64.6 ± 2.8 46.3 ± 6.9
NT-S-NN 52.9 ± 5.1 61.9 ± 3.6 48.9 ± 3.8 63.4 ± 2.7 38.1 ± 4.0
T-S-NN 51.7 ± 2.6 60.2 ± 4.9 51.3 ± 3.6 68.3 ± 9.9 39.3 ± 6.9
NT-NS-NN 41.7 ± 6.1 54.5 ± 1.7 47.6 ± 5.0 57.6 ± 7.4 34.4 ± 8.0
T-NS-NN 48.9 ± 6.2 59.8 ± 4.6 51.0 ± 2.2 65.7 ± 8.1 43.3 ± 8.0
zTreatment legend same as Table 1.
Table 5. Organic C concentrations in whole-soil samples from the 0–5
cm depth increment taken in 1990 and 2003, normalized to the T-NS-
NN treatment of each year
Treatmentz 1990y 2003
NT-S-N 1.38 1.63
T-S-N 1.16 1.45
NT-S-NN 1.15 1.16
T-S-NN 1.02 1.11
NT-NS-NN 1.02 1.07
zTreatment legend same as Table 1.
yCalculated from Nyborg et al. (1995).
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residues to the soil had only minor effects on organic C stor-
age, while N fertilization significantly increased organic C
storage in the whole soil. Rates of organic C storage due to
N fertilization of 32.5 g m–2 yr–1 over the 24-year history of
the experiment are consistent with those previously reported
in the literature. The fact that this value is lower than those
previously reported for the first 11 yr of the same experi-
ment suggests that many of the gains in C storage were
made shortly after the initiation of the experiment. Within
the whole-soil, the easily dispersed and microaggregate-
derived silt-sized fractions were the most responsive to
changes in organic C inputs. This suggests that the silt-sized
physical fraction is an important location for the stabiliza-
tion of soil organic matter.
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